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(54) Optical space switches using multlport couplers 



(57) The present invention provides NxN non-block- 
ing switch modules using MMI-based switch elements. 
The arrangement requires a minimum of control ele- 
ments to effect switching and uses no crossings of the 
signal waveguides. The switch control settings may be 
determined by following a simple and transparent algo- 
rithm for the set-up procedure. Very high-order switch 
fabrics comprising a variety of the taught non-blocking 
NxN switch modules are envisaged. Determination of 
the appropriate values for 'N' is a practical consideration 



which trades-off the performance of the individual 
switch modules with the complexity required of the 
associated module interconnection fabric. The spatial 
switch fabrics that may by built from the non-blocking 
MMI-based switch arrangements may be combined with 
both wavelength -division switches and time-division 
switches to form any combination of higher order space- 
wavelength-time switch. 



FIG. 3 



INPUT PORTS 



91 



1- 

N-2- 
M-l- 



91 



-91 



2x2 



3x3 



4*= 



1<F 



NxN 





Q. 
LU 



Primed by Xerox (UK) Business S«rvtc*s 
2.16.7 (HRSJ/3.6 



1 



EP 1 030 533 A1 



2 



Description 

Field Of The Invention 

[0001] This invention relates to optical switches for 
fiber-optic communications systems and, in particular, 
to an optical space switch wherein all possible combina- 
tions of output routing of the input signals can be 
effected by an appropriate setting of the switch. 

Background °f The Invention 

[0002] Space-division switches are central to tele- 
communications networks. A combination of space-divi- 
sion switches and time-division switches, for example, 
provide the kernel to the AT&T ESS™ electronic 
switches used in the North American Telecommunica- 
tions network, 

[0003] With the advance of fiber-optic communica- 
tions and the attendant rapid growth in the carrier bit- 
rate and typical cable fiber-counts, as well as the 
increased level of network complexity, there has been a 
growing interest in space-division switches that operate 
in the optical-domain, routing optical signals from a set 
of inputs to a set of outputs without intermediate conver- 
sion of the optical signals to electronic form. A good 
introduction to these optical space-division switches is 
provided by Hinton et al. [Ref. 4]. (Numbered references 
are fully cited in the References section at the end of 
this disclosure. All cited references are incorporated 
herein by reference). 

[0004] As described by Hinton et al, a space-switch 
of large order, i.e. one with a large number of inputs, is 
typically constructed of smaller elemental space- 
switches interconnected in a prescribed manner. As the 
order of the switches increases, it is also seen that the 
high-order switch rapidly comes to comprise a very 
large number of switch elements. Also, that the number 
of crossings of the signal paths increases. Both these 
effects hinder the practical realization of the switch 
which become increasingly more difficult as the switch 
order increases. 

[0005] To date, practical space switches of order 
16x16 have been realized in the Lithium Niobate mate- 
rial system [Ref. 7], and also in the doped silica 
waveguide material system [Ref. 8] The former refer- 
ence describes a 16x16 switch that comprises 23 mod- 
ules connected in a three-stage network architecture 
and contains in total 448 2x2 directional coupler 
waveguide switch elements with 308 waveguide cross- 
overs and 42 crossings in the module connection fabric. 
The latter reference describes a 16x16 switch which 
uses a 16x16 matrix of double Mach-Zehnder 2x2 
switching elements on a single silica waveguide sub- 
strate and employs a total of 512 Mach-Zehnder ele- 
ments with 512 waveguide cross-overs. 
[0006] Practical considerations determine that a 
space-division switch should be realized with a mini- 



mum number of switch elements and a minimum com- 
plexity of the routing fabric that interconnects them. In 
order to realize the highest-order switches, the switch 
fabric is advantageously composed of individual switch 
s modules that are then inter-connected to provide the 
overall switching. This alleviates the severe packaging 
challenge that would occur if the entire switch fabric 
were realized as a single module, with the attendant 
necessarily lower chip yield and the increased complex- 
io ity and restrictions of the required module electrical and 
thermal management The switch modules themselves 
generally comprise a number of switch elements built up 
into a higher-order switch fabric and may also contain 
several such independent higher-order switches. The 
15 art of a good overall switch design lies to a large extent 
in determining the optimum trade off between a com- 
plexity of the switch fabric that occurs within an individ- 
ual switch module and the complexity of the 
interconnection that occurs between the switch mod- 
so ules. Increasing the complexity of the switch fabric 
within a module and on a single waveguide substrate 
increases the complexity of the attendant electrical and 
thermal management and reduces the anticipated wafer 
yield. However, it alleviates the number of interconnec- 
ts tions that must then be provided between the switch 
modules to form the overall switch fabric. Reducing the 
order or complexity of the switching function provided 
within the modules eases the module electrical and 
thermal packaging constraints but increases the com- 
30 plexity of the interconnection fabric. 

[0007] An example of this trade off is provided by 
the 16x16 Extended Generalized Shuffle (EGS) net- 
work switch described by Murphy et al [Ref. 7]. This 
16x16 switch fabric comprises 448 of the basic 2x2 
35 switch elements realized in 39 switch modules of a 
three-stage network; 16 modules each containing two 
1x8 switches (comprising seven 2x2 switch elements) 
provide the first column of the network, 7 modules each 
providing a 16x16 switch functionality (comprising thirty 
40 two 2x2 switch elements in a 4-column Banyan architec- 
ture) compose the center column, and a final 16 mod- 
ules each containing two 1x8 switches form the third 
column. The fiber network interconnecting these 39 
modules is relatively simple to provide, being 112 con- 
45 nections between the first and second stage of the net- 
work and another 1 1 2 connections between the second 
and third stages, all arranged in a simple geometric 
fashion. The waveguide switch fabrics of the 7 center 
switch modules each contain 44 waveguide cross- 
so overs, and the waveguide switch fabrics of the modules 
in the first and third network columns contain no 
waveguide cross-overs at all. The vast majority of the 
signal cross-overs required for this 16x16 EGS switch 
fabric, however, are provided by the fiber connections 
55 that link the switch modules. This is highly advanta- 
geous as the 'cross-over' of the fibers are loss-free and 
with negligible cross-talk, whereas signal crossings in 
waveguides on a waveguide switch-bearing substrate is 
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always accompanied by some signal loss and also 
some signal cross-talk. The 16x16 EGS switch fabric 
has thus been partitioned into a modest number of 
switch modules so as to gain the advantage of integrat- 
ing many switch elements onto the same waveguide 
substrate while the waveguide interconnection com- 
plexity and potential consequent performance degrada- 
tion has been limited by using fiber to interconnect 
between the switch modules. 
[0008] In consideration of the arrangement of the 
switch fabric or fabrics that occurs on a single substrate 
and may be packaged either on its own or with others as 
a module of the overall switching network, good design 
seeks to minimize the number of active switching ele- 
ments, the number of elements through which the sig- 
nals may pass, and the number of signal waveguide 
crossings that occur on-chip. 
[0009] The 16x16 space switches described above 
were built up of individual 2x2 switch elements. It is evi- 
dent that if a basic switch element of a higher order 
were available, fewer of such elements would be 
required to form the overall switch. In the case of Goh 
[Ref. 8], for example, the 16x16 switch matrix array uses 
256 2x2 switch units (each comprising two 2x2 Mach- 
Zehnder interferometers, doubled-up in order to obtain 
a high extinction ratio on switching) but would only com- 
prise 64 switch elements if the basic switch element 
were a 4x4 switch. In the case of Murphy [Ref. 7], avail- 
ability of a 1x8 basic switch element would reduce the 
number of switch elements employed in the first and last 
columns of the fabric from 224 to 32, and the availability 
of a basic 4x4 switch element would reduce the number 
of elements required for the center column from 224 to 
70 (14 4x4 and 56 2x2 elements), for a total element 
count of 102, reduced from the present 448. It is clear 
that use of higher-order elemental switch units provides 
a very significant reduction in the total number of ele- 
ments required. 

[0010] A form of multi-pod waveguide device, 
known as the multi-mode interference (MM I) coupler, 
first noted in 1975 [Ref. 9], has over the past few years 
received considerable attention arising from its proper- 
ties of self-imaging [Refs. 10, 1 1 , 12], This is the prop- 
erty whereby an optical field presented to the input of 
the multi-moded section gets re-imaged further along 
the multi-moded waveguide at well defined optical path- 
lengths from the input plane. These self-images may be 
single or multiple depending on the placement of the 
input field in the waveguide cross-section and the opti- 
cal path length to the image plane. The simplest occur- 
rence of self-imaging is, perhaps, the single self-image 
of a input field which occurs at distance L1.1 along the 
multi-mode waveguide section, where L1, 
1= 3n / (p0-pl) , and (30 and p1 are the propagation 
constants of the lowest and first order modes of the 
multi-moded waveguide. N multiple images are 
obtained at distances LN,M where 
LN.M = (M/N)3n/(p0-p1) and M is an integer such 



that M and N do not have a common divisor [Ref. 12]. 
[0011] In the waveguide device, the input field is 
restricted and is typically provided by a single moded 
input waveguide. For an NxN MM I coupler there are N 

5 positions where the input guide may be placed which 
would give rise to N outputs. For a uniform power split- 
ter, the N output signals differ only in their relative 
phase. A complete description of MMI NxN couplers, 
including the phase relations of the outputs is given by 

w Bachmann [Ref. 12]. 

[0012] The multi-fold imaging property of mufti- 
mode interference couplers has been exploited in the 
use of MMI couplers as compact 2x2 couplers and as 
1xN power splitters [Refs. 14, 15]. 

is [0013] Since the operation of the MMI imaging cou- 
pler is symmetric with respect to the propagation of the 
light, a 1xN coupler which has presented to its N output 
ports optical fields that are of the same relative intensity 
and certain relative phases will, upon presentation at 

20 these outputs of the same signals in, combine these 
fields so as to provide a single emergent field corre- 
sponding to the single input field of the inverse opera- 
tion. Changing the relative phases of these input signals 
to those corresponding to those from a different input 

25 position of the inverse operation causes the output to be 
switched to that latter port In this manner, a switching 
action may be effected. 

[0014] This switching action has been demon- 
strated for a 1x10 switch in the GaAs/AlGaAs material 

30 system using a 10x10 MMI coupler fed by 10 signals 
from a 1x10 MMI power splitter with phase modulators 
on each of the 10 inputs to the 10x10 MMI to control the 
relative phase of the input signals to switch the light sig- 
nal to each of the 10 output ports [Ref. 16]. (Although a 

35 '10x10' switch is claimed in the paper title, use of a 
10x10 MMI to provide the input to the second 10x10 
MMI adds no additional functionality; the concatenated 
10x10 MMI couplers allows just 10 switch settings.) A 
1x4 switch implementation in the InP material system 

40 has been demonstrated using two 4x4 MMI couplers 
with phase control sections on the connecting arms 
[Ref. 17]. In this case, also, the first MMI coupler pro- 
vides a power splitting and the phase controls set the 
relative phases of these equal-power inputs into the 

45 second MMI; setting the phase controls appropriately 
allows the output to be switched to any of the 4 output 
ports. 

[001 5] We note that MM I -based couplers are partic- 
ularly suitable for use in integrated power splitters and 

so switch elements because, although they rely on interfer- 
ence effects to perform the self-imaging which routes 
the signals to the different output ports, it has been 
shown that this imaging operation is only very weakly 
polarization sensitive and displays a high tolerance to 

55 variations in the device dimensions and composition 
that are typical in fabrication processes. They also oper- 
ate over a wide optical band [Ref. 13]. 
[0016] In the case of the 1x4 InP based switch ref- 
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erence [Ref. 17], a strictly non-blocking 4x4 switch was 
also proposed, built from the demonstrated 1x4 MMI- 
based switch elements in a two column router-selector 
architecture [Ref. 4]. This arrangement requires 8 1x4 
switches and 1 6 switch-element interconnects. 5 
[00171 A 'strictly non-blocking' switch is one in 
which any idle input can always be connected to any 
idle output regardless of the arrangement of the con- 
nection already existing within the switch fabric. Lesser 
degrees of connectivity are described as "wide-sense 10 
non-blocking', in which any idle input can be connected 
to any idle output provided that all the connections are 
set up according to a particular algorithm, and rear- 
rangeably nonlocking', in which idle inputs may be 
connected to idle outputs provided existing connections is 
may be rearranged. A strictly non-blocking switch archi- 
tecture thus provides maximum flexibility for connecting 
input lines to output lines and is generally the most 
desirable type of switch. Although it is possible to form 
strictly non -blocking networks from component switch 20 
modules that are themselves not strictly non-blocking, 
strictly non-blocking networks may also be constructed 
using switch modules that are not themselves strictly 
non-blocking. 

25 

Summary Of The Invention 

[0018] The present invention provides NxN non- 
blocking switch modules using MM I -based switch ele- 
ments. The arrangement requires a minimum of control 30 
elements to effect switching and uses no crossings of 
the signal waveguides. The switch control settings may 
be determined by following a simple and transparent 
algorithm for the set-up procedure. Very high-order 
switch fabrics comprising a variety of the taught non- 35 
blocking NxN switch modules are envisaged. Determi- 
nation of the appropriate values for 'NT is a practical con- 
sideration which trades-off the performance of the 
individual switch modules with the complexity required 
of the associated module interconnection fabric. The 40 
spatial switch fabrics that may by built from the non- 
blocking MM I -based switch arrangements may be com- 
bined with both wavelength-division switches and time- 
division switches to form any combination of higher 
order space-wavelength-time switch. 45 

Brief Description Of The Drawings 

[0019] The advantages, nature and various addi- 
tional features of the invention will appear more fully so 
upon consideration of the illustrative embodiments now 
to be described in detail in connection with the accom- 
panying drawings. In the drawings: 

FIGS. 1 -4 illustrate the nature and operation of oon- 55 
ventional NXN MM1 couplers used as components 
in optica) switches according to the invention; 



FIGS. 5-8 illustrate the nature and operation of con- 
ventional optical switches used as components in 
optical switches according to the invention; 

FIG. 9 illustrates a space-division optical switch in 
accordance with the invention; 

FIG. 1 0 is a table of the output switch states for the 
switch of Fig. 9; 

FIGS. 1 1 A and 1 1 B are illustrative embodiments of 
the FIG. 9 switch; 

FIG. 12 is a switching table for the embodiments of 
FIGS. 11 A and HB; 

FIG. 13 illustrates a further embodiment of an opti- 
cal switch wherein adjacent multimode interference 
regions are cojoined; and 

FIG. 14 illustrates an alternative embodiment of an 
optical switch including optical absorbing regions 
for capturing and absorbing stray light. 

[0020] It is to be understood that these drawings 
are for purposes of illustrating the concepts of the inven- 
tion and are not to scale. The same reference numerals 
are used for similar elements throughout the drawing. 

Detailed Description 

[0021] This description is divided into three parts. 
Part I describes the nature and operation of N X N mul- 
timode interference couplers (MMI couplers) which are 
used as components in the inventive optical switches. 
Part II describes conventional optical switches which 
can be used as components in the inventive optical 
switches, and Part 111 describes optical switches in 
accordance with the invention. 

I. MMI Couplers 

[0022] Figure 1 illustrates an N output MM I -coupler 
10 comprising a free slab region 11 of waveguide and 
ports 12 of single moded waveguide. There are N input 
ports and N output ports. The reiative phases of the out- 
put signals as well as the dimensional relationships 
between the output, input, and coupler waveguide sec- 
tions are described by Bachmann [Ref. 12]. The case 
where N=3 is illustrated in Figure 2, for which the rela- 
tive phases of the output optical signals are {0, -n, - 
2n/3}. All outputs are of equal power, being 1/3 of the 
input power (ignoring switch losses). 
[0023] Figure 3 shows the MMI-coupler of Fig. 2 
operated in reverse; when equal-power signals are 
applied to the three inputs in the same phase relation- 
ship (but opposite sign) as those shown in Figure 2, a 
single output is obtained from the uppermost output, 1 . 
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[0024] In the same manner, setting the input 
phases to correspond to the signals that emerge from 
the r.h.s. of the MM I -coupler in Figure 2 when the signal 
is supplied on input 2 results in a signal emerging from 
output 2 in figure 3. And similarly for input 3 in figure 2 $ 
and output 3 of Figure 3. A table of the required phase 
relations are collected in Figure 4. 

II. Conventional Switches 

[0025] Fig. 5(A) shows a conventional switch 50 
formed by connecting two MMI-based couplers 10A and 
10B connected in series with connecting links 51 includ- 
ing phase control elements 52 (designated F1, F2 

FN). As only the relative phases between the inputs of is 
the second MM I- coupler are relevant, one phase con- 
trol element (e.g. F1) may be omitted and only N-1 
phase control elements are required. By then appropri- 
ately setting the N-1 phase control elements, an input 
presented to any of the N input ports of the l.h.s. MMl 20 
coupler can be switched to any of the N outputs on the 
r.h.s. of the r.h.s. MMl coupler. This is illustrated in the 
lower diagram of the Fig. 5(b). 
[0026] Different physical realization of the phase 
control elements are possible, and may depend on the 25 
material system employed for the waveguide structures. 
For semiconductor-based waveguides, electro-optic or 
carrier effects may be employed: for Lithium Niobate 
guides, electro-optic induced phase changes may be 
used: and for doped silica guides, the thermo-optic 30 
effect may be used to effect the required phase 
changes. To maintain polarization insensrtivity, the 
phase control elements should be polarization inde- 
pendent. 

[0027] The switch illustrated in figure 5 may route a 35 
single input presented to the l.h.s. MMl coupler to any of 
the outputs of the r.h.s. MMI-coupler. With each such 
setting of the intermediate control elements 52, signals 
presented to the other inputs of the l.h.s. MMl coupler 
are routed to the other r.h.s. MMI-coupler outputs. A 40 
table describing this routing is given in Figure 6 for the 
case when N=3. Only 3 switch states are possible. 
[0028] For complete connectivity Nl switch states 
are required. This complete set of switch states may be 
obtained by concatenating identical MMI-couplers and as 
phase control elements. For an NxN switch, N-1 stages 
of N-1 phase controllers per stage are required. Fig. 7 
illustrates this for a 3x3 switch requiring 31 = 6 states. 
Here, two phase control stages, each with control ele- 
ments 52 on two of the interconnecting waveguide links so 
51 , are employed between three 3x3 MMl couplers 10A, 
10B, 10C. The routing table for this switch arrangement 
is shown in Figure 8. 

[0029] It has been seen that each of the switch 
states is provided by three independent combinations of ss 
the phase control elements. For output switching to 
occur, the different components of each signal passing 
through the cascaded lattice by different routes must 



arrive at the designated output in phase with each other. 
Since each MMl coupler provides its outputs with sig- 
nals of relative phases in multiples of it/N, and the out- 
put ports at the end of the MMl coupler lattice must be 
provided with signal components that are in phase, 
modulo 2k, it follows that the phase control elements 
must provide phase corrections that are multiples of 
Tt/N. For a NxN switch which has N-1 stages of N-1 
phase control elements per stage, a total of 2N(N-1) 2 
potential phase control settings is possible. The interac- 
tion between the different concatenated MMl coupler 
elements restricts this total number to the solution set 
providing switching of each of the input signals to a sin- 
gle distinct output line. In the case of the 3x3 switch 
illustrated in Figs. 7 and 8, a total of 18 valid switch set- 
tings are possible, which provide a redundancy factor of 
3 in the setting of the 3 1, i.e. 6, unique switch settings. 
[0030] Although the concatenated NxN MMl cou- 
pler switches can provide full NxN switching functional- 
ity, the algorithmic complexity of determining the control 
element settings required to effect any particular switch 
configuration, along with the complex interactions that 
occur between the phase control elements of one 
switching stage and the phase control elements of the 
other stages which inhibits an efficient and effective 
means of determining the phase control element set- 
tings in practical devices, means that a simpler NxN 
switching configuration is desirable. 

III. Optical Space Switches In Accordance With The 
Invention 

[0031] Fig. 9 schematically illustrates a simplified 
NxN non-blocking optical routing switch 90 in accord- 
ance with the invention comprising a sequence of con- 
nected optical switches 91 (2x2), 91 (3x3) 91 (NxN) 

forming a sequential series of switches of unitary 
increasing switch dimension. By non -blocking it is 
meant that all possible combinations of output routing of 
the input signals can be effected by an appropriate sell- 
ing of the switch. One or more, and preferably all of the 
switches 91 are switches as shown in Figs.. 5(a) or 5(b), 
comprising a pair of multipart self-imaging multimode 
interference couplers interconnected by a plurality of 
optical pathways including a respective plurality of 
phase controlling elements (as shown in Figs. 5(a) and 
5(b). The first switch 91 (2x2) is a 2x2 switch, the sec- 
ond is a (3x3) switch. The dimensions of the switches 
increment unitarily until the last switch is NxN. In practi- 
cal embodiments N is typically & 4 and advantageously 
*8. 

[0032] In examining the behavior of the switch illus- 
trated in Figure 9, we notice that if the output routing 
combinations provided by the 3x3 MMl coupler of the 
type illustrated in Figure 5 and written out in Figure 6 are 
examined and compared with the full set of possible 
routing combinations shown in Figure 10, it is seen that 
the additional routing combinations are provided by sim- 
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ply swapping the input signals provided to two of the 
input lines. In figure 10 this is illustrated by keeping input 
port 1 fixed and then for each combination adding the 
case where input ports 2 and 3 are swapped. The 
swapped combinations are shown in italics. 5 
[0033] Thus, it is seen that by including the case in 
which inputs 2 and 3 are reversed, the complete set of 
31 switch states are achieved. That this is inevitable is 
understood by considering the fact that a single input of 
the 3x3 is routed to the different output ports by the dif- 
ferent settings of the controllers and that each such sell- 
ing routes the other two inputs to the two remaining 
output ports in a certain fixed manner. If, however, these 
two inputs can be presented to the two input ports of the 
3x3 then both of the two possible output routing combi- 
nations for these two inputs can be accessed. 
[0034] If we now increase the switch module size to 
a 4x4 by adding a subsequent 4x4 switching stage 
according to Figure 9, the same argument may again be 
made. For each of the four routing settings of the 4x4 
switching stage the single uppermost input signal is 
routed to a certain output and the remaining lower three 
inputs are routed to the other three outputs in a certain 
prescribed manner. If these three inputs can now be 
rearranged to feed the inputs of the 4x4 switching stage 
in all of the possible combinations, then all routing pos- 
sibilities for these three inputs can be achieved and all 
of routing combinations of the four inputs of the overall 
4x4 switch can be accessed. Such rearrangement of 
the three lower inputs is provided by the cascade of a 
2x2 and a 3x3 switching stages, as just described, 
above. 

[0035] Fig. 1 1(A) illustrates in greater detail a fully 
configurable 3x3 switch comprising a cascade of a 2x2 
and a 3x3 switching element, and Fig. 11(B) shows a 
fully configurable 4x4 switch comprising a cascade of a 
2x2, 3x3, and 4x4 element, according to the above 
description. 

[0036] In this manner, a NxN non-blocking switch 
may be realized by cascading N-1 switching elements of 
the type illustrated in Figure 5, where the switching ele- 
ments increases from a 2x2 to a (N-1)x(N-1), as illus- 
trated in Figure 9. 

[0037] The number of phase control elements 
required by this incrementing cascade switch architec- 
ture arrangement is seen to be N(N-1)/2. Thus, where 
N-1 elements are used in each NxN stage (recognizing 
the fact that only relative phases are important and that 
one connecting link therefore does not have to bear a 
control element), a 16x16 switch, just 120 control ele- 
ments are required. This number is significantly less 
than the (N-1) 2 , or 225 control required for the lattice 
switch arrangement illustrated in Figure 7, and the N 2 , 
or 256, required for a matrix switch such as that of Goh 
[Ref8]. 

[0038] The switching table for the 3x3 non-blocking 
switch shown in Figure 11 is given in Figure 12. It is an 
expansion of the table provided in Figure 1 0 and shows 



explicitly the phase settings of the control element in the 
2x2 switching stage that effects the reversal of inputs 2 
and 3 to the 3x3 switching stage element illustrated in 
the arrangement of Figure 1 1. It is seen from Figure 12 
that symmetry considerations limit the number of com- 
bined states employed by the phase control elements. 
These are the same symmetry considerations that 
determine the acceptable states of the individual phase 
elements in the cascade. In the case illustrated, there 
are 3 distinct states employed by the phase control ele- 
ments of the 3x3 element and 2 states employed by the 
2x2 element for a total of 3 1 switch states. In practice, 
the electrical control circuitry may set the combination 
of phase controllers according to the switch state that 
has been selected, rather than set the phase settings ol 
each individual phase controller element separately. In 
the above example of a 3x3 switch, this corresponds to 
3 control settings for the 3x3 stage and 2 settings for the 
2x2 stage. A total of just 2x3, or 6, six control settings 
are thus required, corresponding to the six routing set- 
tings of the overall 3x3 switch. 
[0039] In practice, the phase control elements of 
the switch fabric are not fabricated with sufficient accu- 
racy to provide a-priori knowledge of their operational 
characteristics; their performance must be determined 
after formation, inferred from the behavior of the overall 
switch module. In the case of the lattice switch of Figure 
7, (or in general for complex matrix switches where 
access to the individual switching elements is not possi- 
ble) the interaction between the control elements of 
each stage is complex and the individual characteristic 
of any given control element has to be extracted in an 
exacting and non-transparent manner from the overall 
performance of the complete switch fabric. In stark con- 
trast, the performance of the individual switch elements 
of the arrangement of Figure 9 may be examined inde- 
pendent of each other by examining the routing behav- 
ior of the signal applied to the single uppermost input 
port; each individual switch element is available to sim- 
ple external examination and the control elements of the 
entire NxN switch may be set up according to a simple 
algorithm. 

[0040] A simple set-up procedure begins with a sig- 
nal applied to input 1 with no inputs applied to the inputs 
2 through N. The control elements of the last, NxN. 
switch element are then configured so that this input 
signal can be routed to each of its N output ports. By 
routing the input signal in sequence to the N outputs, 
the N-1 individual control elements of this NxN MMI- 
based switch element in the N-1th stage of the switch 
may be tuned in to their optimum values. With the con- 
trol elements on this last switch element optimized, the 
input signal on input line 1 may be removed and 
replaced by a signal on input line 2. This signal passes 
directly to the (N-1)x(N-1) switch element and then 
through the final NxN switch element With the control 
elements of the last NxN switch element now optimized 
and set to a known state, the control elements on the 
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(N-1)x(N-1) switch may now be optimized by running 
through the routing states of that switch. Once the con- 
trol elements of this (N-1)x(N-1) switching stage are 
optimized, the control elements of the (N-2)x(N-2) 
switch may be optimized. And so on, until the solatory 
control element of the 2x2 switch is optimized. In this 
way, all the N(N-1)/2 control elements of the fully non- 
blocking NxN switch may be readily optimized. 
[0041] Waveguide crossings always cause a cer- 
tain amount of the transmitted signal power to be lost 
and also introduces some cross-talk as some light from 
one path leaks into the other. They also require signifi- 
cant device area as large-radius waveguide bends are 
required in order to route without incurring bend-related 
power losses. Waveguide crossings in switch elements 
should thus be keep to a minimum whenever practica- 
ble. The taught implementation of a non-blocking NxN 
routing switch, in contrast to traditional NxN switching 
elements, has no waveguide crossings at all, and is thus 
highly advantageous. 

[0042] It is recognized that the multimode interfer- 
ence regions of adjacent switches may be cojoined 
without the intermediate use of a connecting optical 
waveguide path. This makes for a more compact device 
structure and may offer the advantage of reduced opti- 
cal insertion loss. This arrangement, illustrated for a 3x3 
switch, is shown in Figure 13. The cojoined slab region 
130 substitutes for the 10B coupler of the 2x2 switch 
and the 10A coupler of the 3x3 switch. 
[0043] ft is also recognized that in order to reduce 
cross talk it might be advantageous to introduce inten- 
tionally optically absorbing or dispersing structures 
between the sequential switching elements to capture 
and eliminate stray light scattered from previous optical 
switching units. Such absorber or dispersive structures 
may be provided by suitable deposited or grown materi- 
als or by the introduction of reflection facets formed by a 
suitable fabrication process such as etching. Such 
structures would be placed so as to be optically distant 
from the interconnecting optical pathways but disposed 
so as to substantially block entry of stray light into area 
of the subsequent multimode coupler regions. A possi- 
ble arrangement is illustrated in figure 14, with the 
absorbing structures 140 advantageously disposed 
between successive cascaded switches 91 . 
[0044] Any convenient planar waveguide material 
system may be employed: Silica planar waveguides 
[Ret 1], Ion-exchanged glass and dielectric waveguides 
[Ref. 2], or semiconductor-based waveguides [Ref. 3] 
[0045] The means of providing the phase control on 
the elements connecting the multi-port couplers maybe 
various and will depend on the waveguide material sys- 
tem employed. In the case of semiconductor-based 
waveguides, optical phase control may be effected by 
means of a voltage-induced movement of the semicon- 
ductor band-edge or by carrier injection (or depletion) 
within a section of the connecting waveguide. In the 
case of a dielectric waveguides such as Lithium Nio- 



bate, an applied voltage may be used to induce a refrac- 
tive index change in the waveguide phase-control 
section. For silica-based wavguides. thermo-optic heat- 
ing may be employed, in which the waveguide phase 

5 control section is heated and an optical phase change 
results from the consequent change in the waveguide 
refractive index. It is understood that this invention is not 
restricted to any specific planar waveguide material sys- 
tem, nor to any particular means of providing the phase 

io control in the waveguide sections connecting the muttj- 
post couplers. 

[0046] It is understood that the invention, although 
described with respect to its planar implementation, 
includes those realizations in three-dimensional sys- 
75 terns such as may be provided by multi-layer planar 
waveguide devices or by fused fiber devices or bulk opti- 
cal devices. 

[0047] It is understood that the invention includes 
all "higher order spatial switch architectures formed 

20 through the inter-connection, according to normal prac- 
tice, of the basic switch elements described here. 
[0048] In addition to the space switching function 
considered in detail above, by arranging the optical path 
lengths of interconnections between linked MMI-cou- 

25 piers comprising a switch to differ by pre-determined 
multiples of the optical wavelength, the transmission 
function of the switch may be made wavelength sensi- 
tive. Tnis provides a wavelength selective element and 
forms a wavelength division multiplexer, as have been 

30 reported [Refs. 18, 19, 20, 21]. By introducing the 
switching function a composite wavelength- and space- 
switch is formed. A switching fabric incorporating such 
elements may be constructed to provide both wave- 
length-division and spacedivision switching functions. 

35 [0049] The switch architectures described may form 
part of higher order spatial switches and switches that 
may include in their realization components that provide 
switching also in time domain and in the wavelength 
domain. 

40 
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Claims 

1. An NxN non-blocking optical routing switch com- 
prising a series of connected optical switches, 

said connected optical switches forming a 
sequential series of switches of unitary increasing 
switch dimension. 

2. The switch of claim 1 wherein at feast two of said 
connected optical switches each comprise: 

a pair of murtiport self-imaging multimode inter- 
ference couplers, 
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a plurality of optical pathways connecting said 
couplers, and 

a plurality of phase controlling elements in 
respective ones of said interconnecting path- s 
ways. 

3. The switch of claim 2 wherein said two connected 
optical switches comprise a 2x2 switch connected 

to a 3x3 switch. 10 

4. The switch of claim 2 wherein each said connecting 
optical pathway includes a phase control element. 

5. The switch of claim 2 on all but one of said irrtercon- is 
necting pathways includes a phase control ele- 
ment. 

6. The switch of claim 2 wherein the said connected 
optical switches and said connecting optical path- 20 
ways are provided in a common waveguiding mate- 
rial system. 

7. The switch of claim 6 wherein said common 
waveguiding material system is a silica planar light- 25 
wave system. 

8. The switch of claim 6 wherein the said common 
waveguiding material system is a semiconductor 
material system. 30 

9. The switch of claim 8 wherein the said semiconduc- 
tor waveguide material system is the InP/lnGaAsP 
material system. 

35 

10. The switch of claim 2 adapted to operate in the long 
wavelength optical transmission band of optical fib- 
ers. 

11. The switch of claim 4 wherein at least one said *o 
phase controlling element is thermally adjustable. 

12. The switch of claim 4 wherein at least one said 
phase controlling element is electro-optically 
adjustable. 45 

13. The switch of claim 4 wherein at least one said 
phase controlling element is adjustable through 
carrier injection. 



14. The switch of claim 1 further comprising an optically 
absorbing or dispersing structure for absorbing or 
dispersing scattered radiation generated by said 
first optically connected switch. 

15. The switch of claim 1 where N a 4. 

16. The switch of claim 1 where N £ 8. 



50 



55 



9 



EP 1 030 533 A1 



INPUT 



FIG. 1 

12 11 12 



PORTS / / [ ^ 



OUTPUT PORTS 



L»(H/N}ir/ (Po-f^l 



FIG. 



INPUT PORTS 




OUTPUT PORTS 
1 

— 2 



L.(M/3)tt/[P O -0i) 



RELATIVE POWER 
1/3 
1/3 
1/3 



RELATIVE PHASE 
0 rad 
■tt rad 
-2n/3 rad 



10 



EP 1 030 533 A1 



FIG. 3 



RELATIVE POWER/ 
RELATIVE PHASE 



1/3 
1/3 
1/3 



0 rad 
■rrrad 
W3 rad 




OUTPUT PORTS 
-♦1 

2 
3 



FIG. 4 



IWUT 
PORT 


FOR 
OUTPUT 1 


FOR 
OUTPUT 2 


FOR 
OUTPUT 3 


1 


0 


-IT/3 


-2TT/3 


2 


TT/3 


0 


-TT/3 


3 


-21T/3 


ir/3 


0 



11 



EP1030533A1 



INPUT PORTS 



INPUT PORTS 



10A 



10A 




-v- 
50 



FIG. 5B 



51 



52 



10B 



OUTPUT PORTS 

7—2 



OUTPUT PORTS 
— 1 
r»>2 



"V" 

50 



FIG. G 



INPUT SIGNAL SWITCHED TO: 


PHASE OF CONTROL 
ELEMENT (WITH Fl-0) 


OUTPUT 1 


OUTPUT 2 


OUTPUT 3 


F2 


F3 












INPUT 3 


INPUT 2 


INPUT 1 


2TT/3 


0 


INPUT 1 


INPUT 3 


INPUT 2 


TT/3 


tr/3 


INPUT 2 


INPUT 1 


INPUT 3 


0 


2TT/3 



12 



EP 1 030 533 A1 



FIG. 7 



INPUT PORTS 



10A 



51 



52 

t 



= \ FN.l 



10B 



51 



52 



rT2>= 



IOC 



OUTPUT PORTS 
1 



FIG. 8 



INPUT ROUTED TO: 


PHASE OF 1st STAGE 
CONTROL ELEMENT 
(UNITS OF 2tt/3) 


PHASE OF 2nd STAGE 
CONTROL ELEMENT 
(UNITS OF 2tt/3) 


OUTPUT 1 


OUTPUT 2 


OUTPUT 3 


F21 


F31 


F22 


F32 






3 


2 


1 




1 






3 


1 


2 




2 






3 


0 


0 




0 






2 


0 


1 




0 






2 


1 


0 




1 






2 


2 


2 




2 






3 


2 


2 




0 






3 


0 


1 




1 






3 


1 


0 




2 






1 


1 


2 




0 






1 


0 


0 




1 






1 


2 


1 




2 






2 


2 


1 




0 






2 


1 


2 




1 






2 


0 


0 




2 






1 


1 


0 




0 


3 




1 


2 


2 


0 


1 


3 




1 


0 


1 


2 


3 



13 



EP 1 030 533 A1 



FIG. 9 



INPUT PORTS 



N-2 ' » i / 
N-l— 



91 



2x2 



.91 



3x3 



4H 

4*= 
45= 



91 



OUTPUT PORTS 



■1 



NxN 



•N-2 
•N-l 
•N 



FIG. 10 



INPUT ROUTED TO: 


OUTPUT 1 


OUTPUT 2 


OUTPUT 3 


INPUT 3 


INPUT 2 


INPUT 1 


INPUT 2 


INPUT 3 


INPUT 1 


INPUT 1 


INPUT 3 


INPUT 2 


INPUT 1 


INPUT 2 


INPUT 3 


INPUT 2 


INPUT 1 


INPUT 3 


INPUT 3 


INPUT 1 


INPUT 3 



14 



EP 1030 533 A1 



FIG. OA 



INPUT PORTS 



52 



1- 







= F1.2 |= 






10A 


108 






= F2.2 \= 





91 (2x2) 



INPUT PORTS 



FIG. 11B 



51 



52 







H «.2 |= 






10A 




108 






= F2.2 |= 





10A 



= | F3.3 | = 



51 





— F1.3 f= 




10A 


— F2.3 f= 


108 




— F3.3 f= 





OUTPUT PORTS 
♦1 

♦ 2 

♦ 3 



91 (3x3) 



10A 



91 (2x2) 



91 13x3) 



7u> 



F2T> 

=TraT]= M 



7u> 



OUTPUT PORTS 
— -1 
-**2 
♦ 3 

— 4 



91 (4x4) 



FIG. 12 



INPUT ROUTED TO: 


PHASE OF 3x3 CONTROL 
ELEMENTS (UNITS OF 
2tt/3J (F1.3 SET TO 0) 


PHASE OF 2x2 CONTROL 
ELEMENTS (UNIT OFtt) 
(F1.2 SET TO 0) 


OUTPUT 1 


OUTPUT 2 


OUTPUT 3 


F2.3 


F3,3 


F2.2 


INPUT 3 


INPUT 2 


INPUT 1 


2 


0 


1 


INPUT 2 


INPUT 3 


INPUT 1 


2 


0 


0 


INPUT 1 


INPUT 3 


INPUT 2 


1 


1 


1 


INPUT 1 


INPUT 2 


INPUT 3 


1 


1 


0 


INPUT 2 


INPUT 1 


INPUT 3 


0 


2 


1 


INPUT 3 


INPUT 1 


INPUT 2 


0 


2 


0 



15 



EP1030 533A1 



FIG. 13 



INPUT PORTS 



52 



1- 







H F« 1= 




10A 






= FZ.2 h 



130 



■LA 



FU> = 
fLLH 10B 



F3.3 N 



OUTPUT PORTS 



91 (2x21 



91 (3x3) 



FIG. 14 



INPUT PORTS 



52 



140 



F1.2 |= 



F2.2 fc = 
91 (2x21 



(22 



140 



OUTPUT PORTS 



F2.3 = 



91 (3x3) 




16 



EP1030 533A1 



3 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



AppOcatlon Number 

EP 00 30 1037 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Ctotton o1 document wtth txflcaflon, where a^joprtale. 
of relevant passages 



FWranl 
to ctalm 



CLASSFICATWNOFTHE 
APPLICATION QnLOLT) 



D.A 



MADDEN S J: "PROPERTIES OF NONB LOCKING 
SINGLE-SUBSTRATE OPTICAL SPACE SWITCHING 
NETWORKS CONSTRUCTED FROM DIRECTIONAL 
COUPLERS" 

APPLIED OPTICS, US,0PTICAL SOCIETY OF 
AMERICA, WASHINGTON, 
vol. 36, no. 36, 

20 December 1994 (1994-12-20), pages 
8375-8386, XP000486144 
ISSN: 0003-6935 

* figure 1 * 

JENKINS R M ET AL: 'NOVEL 1 X N AND N X N 
INTEGRATED OPTICAL SWITCHES USING 
SELF-IMAGING MULTIM0DE GAAS/ALGAAS 
WAVEGUIDES- 
APPLIED PHYSICS LETTERS , US , AMERICAN 
INSTITUTE OF PHYSICS. NEW YORK, 
vol. 64, no. 6, 

7 February 1994 (1994-02-07), pages 
684-686, XP000422867 
ISSN: 0003-6951 

* figure 1 * 

SOLDANO L B ET AL: "OPTICAL MULTI-MODE 
INTERFERENCE DEVICES BASED ON 
SELF-IMAGING: PRINCIPLES AND APPLICATIONS' 
JOURNAL OF LIGHTWAVE TECHNOLOGY , US , IEEE . 
NEW YORK, 

vol. 13, no. 4, 1 April 1995 (1995-04-01), 
pages 615-627, XP000513578 
ISSN: 0733-8724 

* figure 11; table III * 



1,15,16 



H04Q11/00 



2-14 
1-16 



The present search report has been drawn up tor ofldaJms 



TECHNICAL RELDS 
SEARCHED (M.CI.7) 



1-16 



H04Q 
602B 
G02F 



THE HAGUE 



11 May 2000 



Meurlsse, W 



CATEGORY OF CITED DOCUMENTS 

X : parBoutafty rwtovart » taken atone 

of the umo c idn flooj 
A : toohnotoyfacJ bflfl fcfl ro und 
O * non— written i f iriot ixe 
P : lnterroedita document 



T : Ihocry or principle underlying the Invention 
E : enter polsnt document, but puoB ih ed on, or 

Attar (he tUnQ dtfe 
D : document died in the appfiesOon 
L : document ctted lor other ressorn 



A : member of the sane patent tuntty, oornMponcf ng 
document 



17 



